A method for obtaining the absolute lattice parameters of layered structures to an accuracy of a few units in 106 is described. A second motorized axis, for a reference crystal, is mounted onto a commercially available single-axis goniometer, so that doublecrystal rocking curves can be combined with singlecrystal lattice parameter measurements. The rocking curves and lattice parameter measurements are obtained from the same high-angle Bragg reflection, which results in this high degree of accuracy.
Introduction
The accurate measurement (a few units in 106) of the lattice parameters for epitaxial layers cannot be obtained by the conventional Bond (1960) method, since it involves measurement of the positions of diffraction profiles that are broad due to dispersion and are unresolved convolutions of the layers and the substrate. To overcome this a non-dispersive method is required as in ( + n, -m) double-crystal diffractometry, but this in itself will only indicate the relative differences in the parameters. The lattice parameter of the substrate may vary from that expected such that the actual value of the lattice parameter for the layer will still be in doubt. The substrate may also be heavily strained close to the interface region again giving a false value of the lattice parameter for the layer.
The requirement is to combine the merits of the two methods, namely accurate lattice parameter measurement and information from non-dispersive doublecrystal rocking curves, and to ensure that the same X-ray scattering volume of the crystal is used for both methods.
A technique for combining the lattice parameter measurement and double-crystal rocking curves was first suggested by Hart & Lloyd (1975) , who modified a commercially available diffractometer (Baker, George, Bellamy & Causer, 1966) . This technique introduced a fixed second axis for mounting a reference crystal and kept the first axis as the sample axis, which was rotated to obtain a rocking curve. This method required a very careful initial setting procedure and resetting of the second axis to obtain quantitative results. The resolution was also restricted to the gearing on the main axis (0.00072" per step).
To improve upon the resolution and remove problems of alignment an alternative method is to rotate the second axis (the reference) and fix the first axis (the sample), Fig. 1 . The requirement is for the divergence of the incident X-ray beam on the first crystal to be sufficient to reflect the Bragg peaks for the layers and the substrate from within the relatively flat profile of the incident beam (if the divergence is ~,0-17 then for 0-,-80, An~a<5 x 10-'*). The double-crystal rocking curve is then achieved by rotating the second axis to resolve the diffracted peaks.
The resolution can be improved by altering the gear ratio of the second axis. At Southampton the gearing gives 1 step-0.000288 ( ,--1"). The first axis is aligned in the normal way for a standard lattice parameter determination, and centred on the Bragg peak. The detector is moved to receive the diffracted beam from the reference crystal. Rotating the second axis gives the rocking curve, from which the layer thickness and the extent of the mismatch can be measured.
Consider a simple case of a single layer on a substrate, Fig. 2 ; it is clear that the angle between the substrate and the layer peaks, resolved by the reference crystal, is
where 0 L and 0 s are the layer and the substrate Bragg angles, and ~' and ~ are the angular differences in the two sets of diffracting planes and the crystal surface, projected onto the plane of the diffractometer. When the crystal is rotated through an angle of rc radians about the specimen surface normal, then
Consequently, the difference in the Bragg angles is given by
The projected angular difference,/L in the vertical plane of the substrate and the layer diffracting planes introduces a small error in Act ° and Act". The maximum error in Act ° and Act" introduced by neglecting this is given by or(Act) <½/32 tan O.
Hence, for the worked sample below a misalignment in the planes of fl--,0.076-will result in a maximum error of --, 1 step (0.000288-) in Act. Clearly, if the misalignment is significant then Act will have to be maximized by rotating the sample about its surface normal.
The Bond (1960) method gives the accurate measurement of 0~, which is the convolution of that from the layer and the substrate and is located at the centre of the figure of the rocking curve. Therefore, by taking moments, where I s and I L are the integrated intensities from the substrate and the layer ( from which the lattice constants for the layer and the substrate can be derived. Measurements at all four angular positions, n/2 radians apart, about the specimen surface normal will give the misalignment of the layer and the substrate.
Experimental
A tellurium-doped gallium arsenide liquid-phase epitaxial layer (n,-, 6300 km-3), grown on a semi-insulating chromium-doped gallium arsenide substrate, is used to illustrate this technique. An APEX goniometer was used (Baker et al., 1966) , and controlled by Harwell 6000 electronics coupled to an Apple II plus microcomputer with software developed by the author. The lattice parameter measurements and rocking-curve intensities are output to floppy disc for subsequent analysis. All measurements were undertaken on the 800 reflection (0,~ 80 ° with Cu Kfl radiation, 2 = 1.392218 A*), so that exactly the same scattering volume of the crystal was used for obtaining lattice parameters and the double-crystal rocking curves. The position on the sample to be examined was accurately centred in the diffractometer circles and its mounting window, and the lattice parameter (perpendicular to the surface) was measured eight times at each position to ensure --.1 in 106 reproducibility. The sample was set accurately on the Bragg peak and the (8, -8) doublecrystal rocking curve was obtained (Fig. 4) . The second rocking curve was obtained after rotating the crystal on its mounting window through rr radians and resetting the tilt and ~ axes. The reference crystal on the second axis was a nominally undoped gallium arsenide slice.
The sample was examined at four different po- sitions, and the results with their estimated standard deviations are given in Table 1 . The accuracy to which the centroids of the rocking curves could be measured was ,~ 1 step, whereas the most significant error results from the measurement of the integrated intensities, which could be improved by increasing the step count time or the intensity of the source. The widths at half-height of these rocking curves is related to the quality of the reference and sample crystals and to an extent on the geometrical window due to vertical divergence. The theoretical rockingcurve half-height width for GaAs with this geometry is 7-6" (Batterman & Hildebrandt, 1968) .
The rocking-curve half-height widths for the layer do not vary across the slice, and are twice the theoretical width, whereas the half-height widths for the substrate do vary considerably.
The layer will be tetrahedrally distorted and the true lattice constant (relaxed) for a thin layer is derived by introducing a correction factor (Hornstra & Bartels, 1978) . The correction factor for {100~-orientated GaAs is 0.525. This factor may be modified if defects, such as those predicted to account for this lattice parameter mismatch in tellurium-doped gallium arsenide (Fewster, 1981) , are present and are preferentially orientated during growth, since they will give rise to different elastic constants. For thick layers the substrate will be curved and consequently distorted. In this case the substrate is assumed to be curved and the only region which is undistorted is along the neutral filament, midway between the top and the bottom of the substrate. The lattice parameter for this region is given by the average value from the top and bottom of the substrate from which the lattice constant in the plane of the interface can be derived. Assuming that no misfit dislocations are present the relaxed lattice parameters for the layer and the substrate can be derived (Table 1 ). The lattice parameter measured at positions across the bottom of the substrate gave a range of values from 5.653441 to 5.653497 A* with an average of 5-653467 A*
Conclusion
A method has been described that requires an additional motorized axis on a single-axis goniometer to obtain the absolute lattice constants, to a few units in 10 6, of substrates and their layers. This method is used routinely at Southampton for lattice constant measurement of epitaxial layers and for assessing substrate crystal quality, and has proved a useful yet simple addition to the APEX goniometer which is normally set for single-crystal studies. The technique could be extended to the measurement of lattice parameters from several asymmetric reflections to indicate the anisotropic distortion within the layers and the substrate, and since the results would all be related to an adopted wavelength scale, the dimensions of the distorted unit cells could be obtained. Financial support from the Science Research council is also gratefully acknowledged.
